The hairpin ribozyme is one of four known natural catalytic RNAs that carry out sequence-specific cleavage of RNA. It is of particular biochemical interest because, unlike 'classic ' ribozymes, such as the group I intron, it appears not to employ metal ions as catalytic cofactors. We have determined the crystal structure of a hairpin-ribozymeinhibitor complex at a resolution of 2 . 4 k The active site of the ribozyme results from docking of two irregular double helices. Docking results in major structural rearrangements of the helices, including a distortion of the substrate strand that brings it into a reactive conformation. It remains to be established whether this RNA enzyme relies exclusively on binding energy to carry out catalysis, or whether some other mechanism, such as general acid-base catalysis, is being employed.
Introduction
The hairpin ribozyme is a catalytic RNA derived from the satellite RNA of a plant virus. It catalyses sequence-specific cleavage and ligation of RNA through transesterification of the scissile phosphate ( Figure 1 ). In vivo, the ribozyme domain is Key words: catalytic RNA, induced fa ribonuclease, transesterification. Abbreviations used: FRET, fluorescence resonant energy transfer: HDV, hepatitis delta virus; RBD, RNA-binding domain. 'To whom correspondence should be addressed (e-mail afem@thcrc.org).
responsible for generating unit-length satellite RNA from multimeric transcripts produced by rolling-circle replication. The minimal catalyst consists of two irregular double helices, stems A and B (Figure 2) . The scissile phosphate lies in one of the strands of stem A [l] . In vitro, these stems can be prepared as separate RNA molecules, and mixed to reconstitute the specific cleavage activity [2, 3] . b vivo, however, stems A and B are part of a four-helix junction. Lilley and co-workers demonstrated, using electrophoretic mobility shift assays as well as fluorescence resonant energy transfer (FRET) , that, in the presence of physiological concentrations of bivalent cations, the four stems of the junction stack pair-wise. The stacks then associate by juxtaposing stems A and B and form the active site [4]. Not surprisingly, hairpin ribozyme constructs incorporating the four-way junction are more stable than those consisting of stems A and B only [S].
The cleavage reaction of the hairpin ribozyme produces RNAs with 2',3'-cyclic phosphate and 5'-OH termini ( Figure 1 ). These are the products of the reactions catalysed by three other naturally occurring catalytic RNAs : the hammerhead, the hepatitis delta virus (HDV) and the Varkud satellite ribozymes. Since these four relatively small (40-160 nt) ribozymes appear to be structurally unrelated, they represent evolutionarily independent solutions to the same biochemical problem [ 6 ] . Characterization of these ribozymes has produced considerable insight into the structural and catalytic versatility of RNA.
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Structure determination of a hairpin ri bozyme
We determined the crystal structure of a hairpinribozyme-inhibitor complex at a resolution of 2 . 4 A [7] . In order to obtain crystals of a fully assembled ribozyme, stable four-helix junction constructs [4] were subjected to crystallization trials in the presence of enough bivalent cations to saturate the structural metal ion binding sites [8] .
T h e ribozyme reaction was inhibited by assembling the ribozyme, not with an all-RNA substrate, but with an inhibitor, in which the 2'-OH group adjacent to the scissile phosphate (the nucleophile in the cleavage reaction) was replaced with an inert 2'-methoxy functional group. This inhibitor is analogous to one employed previously for structure determination of the hammerhead ribozyme by Scott et al. [9] . T h e crystallization construct consisted of an in vitro transcribed RNA strand with homogeneous termini [10, 11] , and a synthetic oligonucleotide inhibitor strand.
In order to promote the formation of wellordered crystals, a structurally and functionally . The engineered ribozyme-inhibitor construct was complexed with the RNA-binding domain (RBD) of U l A , and then used for crystallization experiments. The use of U1A-RBD to facilitate RNA crystallization was developed earlier for the structure determination of the HDV ribozyme [13, 14] . Over two dozen hairpin-ribozyme-inhibitor constructs differing in the lengths of the four stems, as well as the number of 'spacer' base pairs [15] separating the U1 A-binding site and the ribozyme catalytic core, were screened for crystallization until suitable crystals were procured. T o obtain experimental phase information and solve the structure, co-crystals were grown with selenomethionyl U1 A-RBD. A multi-wavelength anomalous dispersion experiment with synchrotron X-radiation produced an electron density map into which the RNA and protein chains could be built unambiguously. Crystallographic refinement was carried out conventionally [7] .
Secondary structure rearrangement during folding of the ribozyme 
Binding energy is used to distort the substrate into a reactive conformation
T h e transesterification catalysed by the hairpin ribozyme proceeds with inversion of configuration at the phosphorus [19] , and is therefore thought to be a concerted bimolecular nucleophilic substitution (S,2) reaction. For the reaction to take place, the nucleophile, phosphorus, and leaving group must be aligned. In the structure of the isolated stem A [17], the nucleotides flanking the scissile phosphate are in roughly A-form conformation, and the reactive groups are far from being aligned. Upon docking of stems A and B, however, the nucleobase 3' to the site of cleavage (G + 1) is extruded from stem A, bringing the 2' oxygen of A-1 in line with the phosphorus and the 5' oxygen of G + 1 (Figure 3b ). T h e extruded base of G + 1 does not project into solvent. Rearrangement of stem B concomitant with docking produces a pocket in its minor groove that has an unpaired cytosine (C25; Figure 2b ) at its bottom, and is otherwise also highly complementary to G. T h e extruded G + 1 forms an interhelical Watson-Crick pair with cytosine (Figures 2b and 3a) . Thus, binding energy resulting from the association of stems A and B is used to rearrange stem B, and the rearranged stem B in turn is highly complementary to the key product of stem A rearrangement, namely extrusion of G+1.
Catalytic mechanism
T h e splayed arrangement of the nucleotides flanking the scissile phosphate in the docked hairpin ribozyme structure (Figure 3b ) is strikingly similar to the conformation of the dinucleotide analogue UpcA when bound to ribonuclease A (Figure 3c ) [20] . T h e latter is a protein enzyme that catalyses the same reaction as the hairpin ribozyme. Thus, we have an example of convergent evolution of a protein and an RNA that perform the same chemical function.
Ribonuclease A uses two histidine residues as general acid-base catalysts for deprotonating the 2'-OH nucleophile and protonating the 5' 0x0 leaving group. T h e protein also uses a positively charged lysine residue to stabilize the di-anionic transition state electrostatically [20] . Unlike proteins, nucleic acids do not have functional groups that ionize near neutrality (a requirement to carry out proton transfer). No nucleic acid functional group is positively charged at physiological p H [21] . How, then, do ribozymes catalyse this transesterification ? T h e catalytic mechanism of the Tetrahymena group I intron has been extensively characterized. T h e ribozyme of Tetrahymena catalyses two successive transesterifications with the help of tightly bound magnesium ions [22] . Because RNAs require bivalent cations to adopt their functional, folded structures, it is often difficult to distinguish experimentally between cations that stabilize the active conformation of the ribozyme and those that participate in the catalytic step.
Ribozyme-bound bivalent metal ions in the active site could participate in catalysis by directly activating a nucleic acid functional group, or promoting ionization of a co-ordinated water molecule. Experiments employing cobalt (I I I) hexammine have demonstrated that such a role for bound cations is unlikely in the case of the hairpin ribozyme. Cobalt hexammine is isosteric with hydrated magnesium ions [23] ; however, the amino ligands are very tightly co-ordinated and do not exchange with other ligands or water. T h e hairpin ribozyme is as active in cobalt hexammine as it is in magnesium (I I) or calcium (I I) [24] [25] [26] . This implies that the bivalent cations play exclusively structural roles, in the form of their hydrates. Consistent with this, the crystal structure of the ribozyme-inhibitor complex shows no metal ions in the active site. Well-ordered cations are found co-ordinating to the periphery, rather than the core, of the RNA (Figure 3a) .
If the hairpin ribozyme is not a metalloenzyme, what RNA functional groups carry out catalysis ? Crystallographic [ 131 and biochemical [27, 28] characterization of the H D V ribozyme has demonstrated that catalysis in that ribozyme is performed with a cytidyl residue with a perturbed pK,. Two purines in the active site of the hairpin ribozyme, G8 and A38, are positioned on either side of the scissile phosphate, in a manner reminiscent of the two histidine residues of ribonuclease A [7] . It is possible that these nucleotides carry out general acid-base catalysis; however, recent biochemical studies have not produced compelling evidence in favour of this catalytic mechanism [29,30]. It therefore remains possible that most of the catalytic rate enhancement effected by the hairpin ribozyme comes about from distortion of the substrate to align the reactive groups, stabilization of the transition state, or destabilization of the ground state. Understanding the mechanism of action of this ribozyme that does not employ metal ion cofactors remains a challenging problem.
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